Introduction {#s1}
============

Male mice emit ultrasonic vocalizations (USVs) in response to the presence of female mice and their urine \[[@r13], [@r18]\]. Male USVs attract female mice \[[@r2], [@r5], [@r11], [@r15]\] and enhance female reproductive functions \[[@r2]\]. Thus, the USVs of male mice are thought to serve as a courtship song. Previous studies have shown that female wild-derived mice showed preferences towards the USVs of novel mice over those of familiar mice or siblings \[[@r9]\], and that female laboratory mice prefer USVs that are from a different strain in the preference test \[[@r1]\]. These findings suggest that female mice exhibit disassortative social preferences for male USVs.

Acoustic features of USVs such as average peak frequency and the composition of syllables are variable between several strains of laboratory mice. We have shown that the strain-specific features of male USVs are not changed by cross-fostering procedures, suggesting that they are genetically controlled \[[@r8]\]. A recent study has shown that each individual in the F1 generation of wild-caught mice has distinct acoustic features \[[@r6]\]. These observations suggest that USVs could serve as an individual signature, raising the possibility that female mice may use information conveyed via USVs for the development of disassortative social preferences.

However, it remains unclear what acoustic features of male USVs female mice use for exhibiting social preferences. To address this, we performed the three-chamber preference test using playback sounds of male USVs, focusing on two acoustic features: the peak frequency and the syllable structure. We used two laboratory mouse strains, C57BL/6 and BALB/c, the USVs of which are known to have distinct acoustic characteristics \[[@r8]\]. While male C57BL/6 mice frequently use "jump" and "upward" syllables with a peak frequency of \~74 kHz, male BALB/c mice frequently use "chevron" and "harmonics" syllables with a peak frequency of \~60 kHz. In order to dissociate the peak frequencies of the USVs from their syllable structure, we digitally manipulated the former without changing the latter.

Materials and Methods {#s2}
=====================

Animals
-------

We used 47 C57BL/6JJcl and 43 BALB/cAJcl female mice (originally purchased from CLEA Japan, Inc., Tokyo, Japan, and bred in the laboratory), which will be referred to as C57BL/6 and BALB/c hereafter, respectively. Each female mouse was tested once. Groups of two to five animals were housed together (cage size, 25 × 18 × 13 cm; temperature, 23°C; humidity, 50%; 12:12 light/dark cycle; lights on at 06:00 am). Food and water were available *ad libitum*. All procedures were performed in accordance with the guidelines of "Policies Governing the Use of Live Vertebrate Animals" of Azabu University, and approved by The Ethical Committee for Vertebrate Experiments of Azabu University (ID \#160303-6). All females were sexually naïve. The estrous stage of female mice was monitored daily by vaginal lavage. Diestrus female mice were used in the behavioral experiments, because our previous study showed that female mice exhibited social preferences about male USVs during diestrus stages \[[@r1]\].

Preparation of USVs for playback
--------------------------------

One male C57BL/6 mouse and one male BALB/c mouse were used for recording USVs. To promote vocalizations, we used one female C57BL/6 mouse and one female BALB/c mouse, which were ovariectomized and devocalized \[[@r1], [@r11], [@r12]\], and allowed at least two weeks for recovery. Sexual receptivity was induced by injecting 17-β estradiol in corn oil (0.05 ml at a concentration of 0.4 mg/ml) 48 and 24 h prior to the USV recording session, and progesterone in corn oil (0.03 ml at a concentration of 10 mg/ml) four hours before the USV recording session. During USV recording sessions, either the C57BL/6 or the BALB/c male mouse was paired with the female mouse of the same strain in a sound-attenuated chamber. A microphone (CM16/CMPA, Avisoft Bioacoustics, Glienicke/Nordbahn, Germany) was placed next to the mesh hole (diameter, 6 cm) in the wall of the chamber. The USVs were digitally converted, filtered using a 20--145.8 kHz band-pass filter, and recorded at a sampling rate of 300 kHz (UltraSoundGate 416-200, Avisoft Bioacoustics). A fragment of 20 s was extracted from the original USV sound file such that a fragment contained typical features of the USVs of each strain in terms of the syllable composition (Adobe Audition 3, Adobe, San Jose, CA, USA). Modified USVs were created by digitally changing the peak frequencies of C57BL/6 and BALB/c USVs (Adobe Audition 3). Ambient noises were digitally reduced. The acoustic features of four types of USVs were as follows (Avisoft-SASLab Pro, Avisoft Bioacoustics; peak frequencies and amplitudes of syllables are shown as mean ± SD; the peak amplitude is expressed in decibels relative to full scale (dBFS)): original C57BL/6 USVs (termed B6-74; 123 syllables; peak frequency, 73.3 ± 7.3 kHz; peak amplitude, −28.5 ± 8.3 dBFS), modified C57BL/6 USVs (termed B6-60; 123 syllables; peak frequency, 59.6 ± 4.7 kHz; peak amplitude, −29.0 ± 8.5 dBFS), original BALB/c USVs (termed BC-60; 108 syllables; peak frequency, 61.2 ± 7.2 kHz; peak amplitude, −29.2 ± 10.6 dBFS), and modified BALB/c USVs (termed BC-74; 108 syllables; peak frequency, 75.0 ± 8.2 kHz; peak amplitude, −29.5 ± 11.3 dBFS). Spectrograms of four types of USVs were computed by the fast Fourier transform algorithm ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Spectrograms for four types of male USVs. Spectrograms of 2-s fragments of four types of male USVs are shown (the horizontal axis indicates time, the vertical axis indicates frequency, darkness represents amplitude). The upper row shows C57BL/6 USVs and the lower row shows BALB/c USVs. The left column shows the original USVs and the right column shows the modified USVs.; Matlab, Mathworks). We performed the preference tests between B6-60 and B6-74, BC-60 and BC-74, B6-74 and BC-74, and B6-60 and BC-74. The first two tests were designed to examine the effects of the peak frequencies for both C57BL/6 and BALB/c strains. The third test was designed to examine the effects of the syllable structure independently of the peak frequency. The fourth test was designed to examine the effects of the syllable structure when both C57BL/6 and BALB/c USVs were digitally manipulated.

Behavioral apparatus
--------------------

The behavioral experiments were performed in an acrylic apparatus (35 × 20 × 20 cm; [Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Schematic illustration of the behavioral apparatus.), which consisted of three zones. The largest zone (15 × 20 × 20 cm; designated as 'neutral zone') was connected to two smaller zones (20 × 10 × 20 cm each; designated as 'speaker zone'). Speakers (nc-Si emitters \[[@r17]\]; Kato Acoustics Consulting Office, Yokohama, Japan) were placed behind copper meshes (hole diameter, 6 cm) that were located at the end of the speaker zones. Lead plates were attached to the wall between two speaker zones such that the USVs played back in one zone were largely attenuated in the other zone.

Behavioral paradigm
-------------------

The behavioral experiments were performed in the above described, sound-attenuated box at 5:00 pm or later as previously described \[[@r1]\]. The female mouse was first habituated to the neutral zone for 15 min with the entrances to the speaker zones closed by means of acrylic plates. The female mouse was habituated further for 30 min with the entrances open, during which it was exposed to a cotton ball containing bacterial recombinant exocrine gland-secreting peptide 1 (ESP1; 20 *µ*g) in Tris buffer. ESP1 is a male-specific pheromone that is released into tear fluids \[[@r4]\]. In our previous study, we found that preferences of female mice for the USVs from a different strain were only observed when these mice were concomitantly exposed to ESP1 \[[@r1]\]. Behavioral experiments were initiated when the female mouse was located in the neutral zone, after having explored both speaker zones and both meshes. Two recorded USVs were played back simultaneously during behavioral experiments. Sound levels of the speakers were calibrated by using the same USVs file and the same microphone before each experiment such that the speakers reproduced the acoustic features of the recorded USVs sound. The USV played back from each speaker was counterbalanced across animals. The experiments were monitored by a video camera positioned at the top of the apparatus. The obtained videos were analyzed offline, measuring the number of entries into the speaker zones and the time spent exploring the mesh in front of the speaker. The time exploring the mesh was termed as song searching time.

Statistics
----------

All statistical analyses were performed using GraphPad Prism 8. Potential differences between groups were assessed using Wilcoxon signed rank test. The significance level was set to *P*˂0.05.

Results {#s3}
=======

While male C57BL/6 mice emit USVs with a peak frequency of \~74 kHz, male BALB/c mice emit USVs with a peak frequency of \~60 kHz. To determine which acoustic feature of the USVs influences social preferences shown by female mice, we performed a preference test between two USVs. We used the originally recorded USVs as well as USVs the peak frequencies of which were digitally manipulated.

Social preferences of female C57BL/6 mice
-----------------------------------------

First, we investigated social preferences of female C57BL/6 mice, presenting the USVs from a single mouse at two different peak frequencies (60- and 74-kHz). We found that female C57BL/6 mice showed longer song searching times for B6-60 as compared with B6-74 (*P*=0.048, Wilcoxon signed rank test; n=15), but no change in the number of entries ([Figs. 3A and B](#fig_003){ref-type="fig"}Fig. 3.USV-associated social preferences of female C57BL/6 mice. Vertical axes indicate number of entries to speaker zones (A, C, E, G) and song searching time (B, D, F, H). Mice were given the choice between B6-60 and B6-74 (A, B), BC-60 and BC-74 (C, D), B6-74 and BC-74 (E, F), and B6-60 and BC-74 (G, H). Boxed labels in horizontal axes indicate the original USVs.). When BC-60 and BC-74 were played, we did not observe any differences in the number of entries or the song searching time (n=6; [Figs. 3C and D](#fig_003){ref-type="fig"}).

Presenting female C57BL/6 mice with B6-74 and BC-74, we did not observe any differences in the number of entries or the song searching time (n=15; [Figs. 3](#fig_003){ref-type="fig"}E and F).

Next, the peak frequencies of both USVs were manipulated, so that female C57BL/6 mice were presented with B6-60 and BC-74. Our results demonstrate that these mice showed significantly longer song searching time for BC-74 as compared with B6-60 (*P*=0.032, Wilcoxon signed rank test, n=11), but no change in the number of entries ([Figs. 3G and H](#fig_003){ref-type="fig"}).

Social preferences of female BALB/c mice
----------------------------------------

Next, we examined USV-associated social preferences of female BALB/c mice in the same manner as described above. When B6-60 and B6-74 were played, we did not observe any differences in the number of entries or the song searching time (n=12; [Figs. 4A and B](#fig_004){ref-type="fig"}Fig. 4.USV-associated social preferences of female BALB/c mice. Vertical axes indicate number of entries to speaker zones (A, C, E, G) and song searching time (B, D, F, H). Mice were given the choice between B6-60 and B6-74 (A, B), BC-60 and BC-74 (C, D), B6-74 and BC-74 (E, F), and B6-60 and BC-74 (G, H). Boxed labels in horizontal axes indicate the original USVs.). Similarly, in response to BC-60 and BC-74, female BALB/c mice did not show any differences in the number of entries or song searching time (n=12; [Figs. 4C and D](#fig_004){ref-type="fig"}).

There were also no differences in the song searching time upon playback of B6-74 and BC-74; nevertheless, female BALB/c mice entered the area associated with B6-74 more frequently as compared to that associated with BC-74 (*P*=0.047, Wilcoxon signed rank test, n=10; [Figs. 4E and F](#fig_004){ref-type="fig"}).

When mice were given the choice between B6-60 and BC-74, we found that they entered the area associated with B6-60 more frequently as opposed to BC-74 (*P*=0.023, Wilcoxon signed rank test; n=9), but did not show any differences in song searching time ([Figs. 4G and H](#fig_004){ref-type="fig"}).

Discussion {#s4}
==========

In the present study we investigated what acoustic features of the USVs of male mice affect social preferences of female mice. We found that female mice preferred USVs that were dissimilar to the USVs of their own strain. We also found that, while female C57BL/6 mice were sensitive to changes in the syllable structure and the peak frequency, female BALB/c mice were sensitive to differences in the syllable structure. These results suggest that different strains of female mice differently use acoustic features for exhibiting social preferences.

Female C57BL/6 mice displayed significantly longer song searching times for B6-60 than for B6-74. These observations indicate that, when familiar syllables were used for a choice, these mice prefer the USVs with unfamiliar peak frequencies, providing supporting evidence for disassortative social preferences. When these mice were given the choice between BC-60 and BC-74, they did not exhibit social preferences, raising the possibility that these mice were not sensitive to the peak frequencies of unfamiliar syllables. When female mice were given a choice between B6-60 and BC-74, these mice displayed significantly longer song searching time for BC-74 than for B6-60, suggesting that the syllable structure also affects the social preferences of these mice. When these mice were given a choice between B6-74 and BC-74, they did not display social preferences, which seemed to violate transitivity of preferences shown in the other three tests. Although the underlying mechanisms are not clear, our results suggest that social preferences for male USVs are determined based on several acoustic features in a non-transitive manner.

Female BALB/c mice, on the other hand, did not show significantly different song searching times in all experiments. Instead, they entered the chamber associated with C57BL/6 vocalizations more frequently than that associated with BALB/c vocalizations, when a choice was given between B6-74 and BC-74 or between B6-60 and BC-74. These results suggest that female BALB/c mice prefer the syllable structure of C57BL/6 USVs over that of BALB/c USVs regardless of the peak frequency.

The present study indicates that female mice of both C57BL/6 and BALB/c strains exhibit social preferences in a disassortative manner. Disassortative mating refers to the type of mating in which one animal mates with another animal that is not similar to itself, which is thought to be helpful in facilitating genetic diversity. It is suggested that mice use olfactory information for disassortative mating to avoid inbreeding \[[@r19]\]. Additionally, consistent with our results, recent studies have shown that female mice are also able to use auditory information for disassortative preferences \[[@r1], [@r9]\]. By contrast, a previous study using F1 offspring of wild-caught mice showed that female *Mus musculus musculus* did not differentiate between the USVs of their own subspecies and those of another subspecies, *Mus musculus domesticus* \[[@r10]\], which seems inconsistent with the disassortative preference hypothesis. The discrepancy between findings may be explained by differences in the recording of USVs. Musolf *et al.* discussed that, since they used pools of male USVs derived from several male mice \[[@r10]\], the individual differences in the USVs might mask the difference in the USVs of two subspecies. Because we used the USVs from only one individual mouse per strain, it was possible that female mice were able to easily discriminate the USVs of their own strain from those of the other strain, making the assessment of disassortative social preferences more feasible.

Recent studies have started to elucidate how social preferences of male USVs by female mice are shaped. Our previous study has shown that disassortative preferences by female mice can be reversed by cross-fostering procedures \[[@r1]\], suggesting that social preferences of female mice are flexible rather than strictly inherent. Since, in the present study, female mice were housed together with their fathers, weaned at postnatal day (PD) 28, and housed in same-sex groups thereafter in our previous study, female mice were not exposed to male USVs after weaning. This implicates that female mice acquire social preferences associated with male USVs before PD28, possibly through hearing the USVs of their fathers. Interestingly, previous studies reported that exposure to music between PD10 and PD20 \[[@r7]\], or PD15 and PD24 \[[@r20]\], changed acoustic preferences of mice during adulthood in a way that they tolerated that particular music. Consequently, there is a critical period before the time of weaning that affects auditory preferences. It is tempting to speculate that female mice are imprinted with the USVs of males that they are surrounded by between PD15 and PD24, and that, during adulthood, they prefer dissimilar USVs to those which they have heard prior to weaning.

We also demonstrate that the acoustic features that influence social preferences of female mice are different between C57BL/6 and BALB/c strains. While social preferences of female C57BL/6 mice were influenced by the syllable structure and the peak frequency of the USVs, those of female BALB/c mice were influenced to a greater extent by the syllable structure of the USVs. Currently, the underlying mechanisms are not clear. One possibility is that the auditory sensitivity could be different between C57BL/6 and BALB/c offspring. Although many mouse strains such as NMRI, C57BL/6 and BALB/c are known to suffer from aging-associated hearing loss \[[@r3], [@r14]\], there is little evidence that the auditory sensitivity is different between C57BL/6 and BALB/c offspring, rendering this possibility unlikely. It may also be conceivable that the acoustic preferences of the offspring are shaped differently based on the differences in the C57BL/6 and BALB/c USVs. Male C57BL/6 mice frequently use "jump" and "upward" syllables, both of which are of short duration and often contain sudden, sometimes discontinuous, changes in the frequency. These characteristics may allow for C57BL/6 offspring to focus on the frequency of the USVs, making these mice more sensitive to the peak frequency in the adulthood. Future studies, in which the syllable composition of the USVs to which the offspring are exposed is strictly controlled, may clarify this issue.

In the present study, while female C57BL/6 mice exhibited social preferences by differences in song searching behavior, female BALB/c mice exhibited social preferences by the number of entries to the speaker zones associated with different USVs. This suggests that, although female BALB/c mice were more attracted to one of the two zones, they appeared to hesitate in going to the end of the respective zone and to explore the mesh. BALB/c mice are known to have lower sociability than C57BL/6 mice \[[@r16]\]. This may result in lower motivation of approaching the source of the auditory stimuli, which could explain the lack of song searching behavior in female BALB/c mice.

There are at least three limitations in this study. The primary limitation was that male USVs for the playbacks were recorded from two individual mice, one male per strain. This indicates that our results might not be due to strain differences in the USVs, but to individual differences in the USVs. However, we believe that our results are due to strain differences in the USVs, because we extracted a fragment of male USVs such that a fragment contained typical features of the USVs of each strain in terms of the syllable composition. The second limitation was that, since we did not manipulate the syllable structure of the USVs, it is not possible to determine whether the order of syllables is important, or whether a particular syllable plays a critical role for social preferences. The third limitation was that we did not perform the choice between B6-60 and BC-60. Together with the results of the choice between B6-74 and BC-74, the results of this test would give us a clue on peak-frequency-preferences of the syllable structure. Since female BALB/c mice preferred B6-74 over BC-74, we further examined if these mice preferred B6-60 over BC-74 even if the peak frequency of B6-60 was similar to that of the USVs of their own strain. Accordingly, the choice between B6-60 and BC-74 was prioritized compared to the choice between B6-60 and BC-60 in the present study.

In conclusion, we found that female mice exhibit disassortative social preferences in response to male USVs, and that the acoustic features that affect these social preferences are different between C57BL/6 and BALB/c strains. Together, these observations indicate that female mice of different strains differently use acoustic features for exhibiting disassortative social preferences.
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